Introduction {#Sec1}
============

The rodent model is a useful tool for in vivo studies related to gene functions, mechanisms of disease, and new therapeutic agents. However, translation of these studies is limited due to species differences between rodents and humans. Non-human primates are the best alternative model of human disease, but extremely high costs and ethical concerns have limited their widespread use. Recently, humanized mice have been developed and used to replace primates. Immunodeficient mice deficient in T, B and natural killer (NK) cells are accepted as recipients for human cell transplant and have been widely used in human disease studies, including human-specific infections such as viral infections (HIV, EBV, dengue virus, HBV, HCV) \[[@CR1], [@CR2]\] and bacterial infections. These mice have been used to study regenerative medicine such as allograft, organ regeneration, and drug evaluation \[[@CR3]--[@CR6]\].

Interleukin 2 (IL2), also known as the T-cell growth factor, has a broad functional role in the growth and activation of B cells, NK cells, and macrophages \[[@CR7], [@CR8]\]. The action of IL-2 is mediated through the IL2 receptor (IL2R) which comprises of α, ß, and γ chains. As observed by flow cytometric analyses, the γ chain is expressed on almost all cell populations \[[@CR9], [@CR10]\]. Of these, the Interleukin-2 receptor γ (IL2Rg) chain is known as the common cytokine receptor γ-chain and is the most crucial component of the receptors for IL2, − 4, − 7, − 9, and − 15 \[[@CR11], [@CR12]\]. Patients devoid of IL2 have normal numbers of T cells, but patients lacking IL2Rg are deficient of T cells. Since the γ chain is shared among the multiple cytokine receptors, mutation of IL2Rg in mice impaired the development and function of T, B and NK cells \[[@CR13], [@CR14]\]. The immunodeficient NOD/SCID mice are important models for investigating carcinogenesis, cancer therapy, and imaging of tumor growth and metastasis \[[@CR15]\]. The major immunodeficient models are NOD/LtSz-scid IL2Rg^−/−^ (often referred to as NSG mice) and NOD/Shi-scid IL2Rg^−/−^ (often referred to as NOG mice). These models are generated by breeding between NOD/Shi-scid mice and IL2Rg null mice, and have shown superiority in human cancer xenografts, as compared to nude mice \[[@CR16]\].

Genome editing using programmable nucleases such as zinc finger nuclease (ZFN), transcription activator-like effector nucleases (TALENs), and CRISPR/Cas9 nucleases, is an efficient strategy to generate genetically engineered mice (GEM) \[[@CR17]\]. Particularly, the CRISPR/Cas9 technology is the most convenient method to produce GEM, owing to its simple construction and high DNA double-strand break (DSB)-inducing activity \[[@CR3]\]. A CRISPR/Cas9 system consists of Cas9 nuclease and a single guide RNA (sgRNA) that targets a specified genomic locus defined by the sgRNA and a protospacer adjacent motif (PAM) sequence; this system cleaves the double-stranded DNA. The DSBs are repaired by error-prone non-homologous end-joining (NHEJ), randomly inducing insertions or deletions, which result in targeted gene disruption.

To generate knockout mice using the CRISPR/Cas9 system, Cas9 and sgRNA used for microinjection are generally synthesized using in vitro methods \[[@CR18]--[@CR20]\]. To generate knockout mice with genome editing technology, fertilized embryos are generated by crossing male and super-ovulated females. However, since it is difficult to generate fresh fertilized eggs in NOD/SCID mice \[[@CR21]\], in vitro fertilization (IVF) procedures are applied to produce the embryos. It has recently been reported that freshly fertilized oocytes produced by IVF can be used for conventional CRISPR/Cas9 genome editing \[[@CR22]\]. Therefore, we applied IVF technology and the CRISPR system to produce the NOD/SCID mice deleted IL2Rg gene (referred as NIG or NSIG), and analyzed if a small deletion in a mutant can induce the same phenotype as knockout mice generated by gene targeting.

Materials and methods {#Sec2}
=====================

IL2Rg sgRNAs synthesis {#Sec3}
----------------------

Targeting sequence constituted of 20 nucleotides followed by an "NGG" sequence called PAM. For RNA Transcription, Template DNA was prepared by annealing each pair of oligonucleotides: Mix 10 μl each of 100 μM primers and cloning into a pT7-gRNA vector. Plasmid vectors were digested with a restriction endonuclease (BamH1) for overnight at 37 °C and purified by phenol:chloroform extraction and isopropanol precipitation. Guide RNAs were synthesized using MEGAshortscript T7 Transcription Kit (Ambion, USA) according to the manufacturer's instructions. For microinjection, synthesized sgRNAs were purified by phenol:chloroform extraction and isopropanol precipitation.

Ethics statement {#Sec4}
----------------

All mice were maintained in individually ventilated cages (IVC) located in a specific pathogen-free (SPF) room at a constant temperature of 22 ± 1 °C, humidity of 55 ± 10%, and 12 h light/dark cycle. All animal procedures were executed in accordance with the guidelines of the Institutional Animal Care and Use Committee, Korea Research Institute of Bioscience and Biotechnology (KHMC-IACUC-16015).

Superovulation and IVF {#Sec5}
----------------------

NOD.CB17/Prkdcscid/JKrb (NOD/SCID) mice have been bred in KRIBB for more than 20 years after receiving them from Jackson Laboratory in 1999. Female NOD/SCID mice (4--5 weeks of age) were superovulated by intraperitoneal injection with 5 IU pregnant mare serum gonadotropin (sigma, St. Louis, USA), followed 46 h later by injection of 5 IU human chorionic gonadotropin (hCG, sigma, USA). The animals were sacrificed 14 h following hCG administration and oviducts were collected. Cumulus oocyte complexes were released from the oviducts and placed in pre-equilibrated fertilization drops consisting of HTF Media. Fresh sperm was isolated from the epididymis and vas deferens of male NOD/SCID mice (5 months of age) into HTF medium. Fertilization was carried out in HTF medium by transferring cumulus oocyte complexes to fertilization drops which contained the activated sperm and was incubated for 8 h at 37 °C (5% CO~2~). After incubation, the oocytes were washed in fresh HTF medium to remove excess sperm, incubation for 7 h at 37 °C (5% CO~2~) in M16 medium and microinjection performed in M2 medium.

Microinjection and transfer to pseudopregnant recipients {#Sec6}
--------------------------------------------------------

Fertilized embryos with visible pronuclei following IVF were selected for microinjection and transferred to microinjection dishes containing M2 medium under mineral oil. The CRISPR/Cas9 reagent mixture was prepared by dilution of the components into DW to obtain the following concentrations: 40 ng/μl Cas9 protein (ToolGen, Korea) and 40 ng/μl IL2Rg single guide RNA (1, 2). The reagent mixture was introduced into the cytoplasm of fertilized embryos by microinjection using a continuous flow injection mode. Surviving two-cell stage embryos were surgically implanted into the oviducts of pseudopregnant female mice.

Genotyping of the IL-2Rg deficient NOD/SCID mice {#Sec7}
------------------------------------------------

Genotypes of the pups born were analyzed using a PCR fragment that amplified the IL2Rg gene (primers used: FR 5′-CTTTGGCTCCGTCTCTCTGC-3′, RP 5′-TCCCTCTCAGGAGCTGTGTG-3′) by T7E1 assay (T7 endonuclease 1, ToolGen, Korea) and Sanger sequencing analysis (Bioneer, Korea). Homozygous deletion of 2 bp in the IL2Rg gene of NOD/SCID mice were maintained by mating homozygous mutant male mice with homozygous mutant female mice.

Total RNA extraction and quantitative real-time PCR {#Sec8}
---------------------------------------------------

Homozygous deletion of 2 bp in the background of NOD/SCID mice and NOD/SCID mice were analyzed for mRNA expression levels of IL2Rg. Total RNAs were prepared from mouse tail tissues using TRIzol (Molecular Research Center, USA), followed by cDNA synthesis from the total RNA samples using a first-strand cDNA synthesis kit (Fermentas, Canada). Real-time qRT-PCR assays were performed using a relative quantification protocol, the Exicycler™ 96 Real-Time Quantitative Thermal Block (Bioneer, Korea) and SYBR Premix Ex Taq (Takara, Japan). The following specific oligonucleotide primer sequences were used: IL2Rg_Tail, FP 5′-TCGAAGCTGGACGGAACTAA-3′, RP 5′- 187 CTCCGAACCCGAAATGTGTA-3′; IL2Rg_5', FP 5′-188 CCTTCCAGAGGTTCAGTGCT-3′, RP 5′-ATAGTGCAGC 189 GTGAGGTTGG-3′; IL2Rg_middle', FP 5′-TGCCTAGTGT 190 GGATGAGCTG-3′, RP 5′-CAGGCTGGCTCCATTTACTC-3′; 191 IL2Rg_3', FP 5′-AACGAATGCCTCCAATTCC-3′, RP 5′- 192 TGGCAGAACCGTTCACTGTA-3′;GAPDH, FP 5′-AGA 193 ACATCATCCCTGCATGG-3′, RP 5′-CACATTGGGG 194 GTAGGAACAC-3′. All experiments were performed in triplicate.

Analysis of serum in peripheral blood {#Sec9}
-------------------------------------

Mice were fasted for 4 h after the indicated feeding regimen and were anesthetized using isoflurane for retro-orbital phlebotomy. Serum was prepared by spinning freshly collected blood in a cooled centrifuge at 1500 g for 10 min. The clear supernatant was collected and stored at − 70 °C until use. Serum AST, ALT, total cholesterol (CHO), triglyceride (TG), ALP and creatinine levels were determined using an auto analyzer (AU480 Chemistry System, USA).

Xenograft {#Sec10}
---------

Tumorigenicities of HepG2, Raji and A549 cells were assayed by subcutaneous injection with 5 × 10^6^ or 1 × 10^6^ cells suspended in 100 μl matrigel, into the flanks of 8-week-old athymic nude, NOD/SCID and NIG(NSIG) male mice (*n* = 5 each). Solid tumor volume (in cubic millimeters) was determined by calipers and the formula of L × W2 × π/6, where L is the length and W is the width of the tumor; all tumors were photographed on the last day.

Isolation of spleen cells from mice {#Sec11}
-----------------------------------

To isolate the spleen cells, the harvested spleen was placed in a cell strainer, which was then positioned over a 4-well plate. Filtered medium (7 ml) was added and the spleen was pulverized. The strained, pulverized spleen cells were centrifuged at 1200 rpm for 5 min, and the supernatant was aspirated. Red blood cells (RBC) were removed by adding RBC lysis buffer (1 ml) to the pellet and allowed to incubate at room temperature for 10 min. The suspension cells were then mixed with FACS buffer (7 ml), centrifuged at 1200 rpm for 5 min, and the supernatant was discarded. The above procedure was repeated twice, and the final pellet was resuspended in 1 ml FACS buffer.

Detection of T, B and NK-cell by flow cytometry {#Sec12}
-----------------------------------------------

To measure the T, B and NK cell population, splenocytes were stained with fluorescein isothiocyanate (FITC)--conjugated anti-CD3, APC-conjugated anti-CD49b and phycoerythrin (PE)--Cy7--conjugated anti-B220 for 20 min at 4 °C. Stained cells were then washed with FACS buffer by centrifugation at 1200 rpm for 5 min. The cells were resuspended with Fix buffer and analyzed by flow cytometry on a Gallios flow cytometer (Beckman Coulter, USA).

Results {#Sec13}
=======

Generation of IL2Rg gene mutant NOD/SCID mice by CRISPR/Cas9 system {#Sec14}
-------------------------------------------------------------------

The murine IL2Rg gene has 8 exons and encodes 266 amino acids. To induce IL2Rg gene mutation in NOD/SCID mice, we designed guide RNAs targeting the exon 6 region of IL2Rg gene (Fig. [1](#Fig1){ref-type="fig"}a). Before construction, we analyzed the off-target of two sgRNAs in IL2Rg using the NCBI blast system. Recent studies have shown that sgRNAs with mismatches of two or more nucleotides and other sequences do not have off-targets \[[@CR23]\]. Off-target prediction shows that each sgRNA has rare off-target candidate sites (Table [1](#Tab1){ref-type="table"}). The knockout of Exon 6 is predicted to encode a nonfunctional protein. In order to obtain IL2Rg-deficient mice, we performed microinjection of Cas9 and sgRNA into embryos from NOD/SCID mice. Fig. 1The generation of NIG(NSIG) mice by IVF and CRISPR/Cas9 system. **a** Schematic diagram of sgRNA targeting the mouse IL2Rg gene loci. The exon 1--8 region of the mouse IL2Rg gene is shown. The exon 6 sequence (upper case) are shown with 2 sgRNA sequences (labeled in red), and the PAM domain sequence NGG in yellow. **b** Schematic illustration of IVF and microinjection. Female NOD/SCID mice are super-ovulated with PMSG and hCG, followed by oocyte retrieval. Sperm is collected from male NOD/SCID mice. The oocytes and sperm are incubated to generate fertilized eggs and embryos, which are then microinjected with sgRNA and Cas9 protein. The injected embryos are transferred into pseudopregnant surrogate mothers (foster mothers). **c** Founder mice were genotyped by T7E1 assay after PCR amplification, and the T7E1 products were electrophoresed in 2.4% agarose gel. Mice were labeled \#1--13, and M: marker, WT: wild type (negative control). WT allele is represented by a single band at 633 bp, while the heterozygous alleles (red labeling) are obtained as two bands at 453 bp and 633 bp. **d** Sequence analysis of the mutated IL2Rg alleles. The wild type sequence of exon 6 is shown on top. The sgRNA targeting sites are shown in bold letters. The mutant alleles of each mouse are labeled with the mouse ID number. The deleted sequences are marked in dash. **e** IL2Rg mRNA expression level results of F4 homo mutant mice. The mRNA levels of IL2Rg were determined by qRT-PCR analysis from mice tail tissue. Mice were labeled NOD.CB17/Prkdcscid/JKrb as NOD/SCID (positive control) and (−2 bp)^−/−^ (F4 homo mutant) mouse as NIG(NSIG)Table 1Off-target prediction for the sgRNAs (1 and 2) in IL2RgsgRNATarget sequenceExonStrandOff-targets01231ACAGTACACAAAGATCAGGG6+00012ATGGTGCCAACAGGGATAAG6+0000

A recent report suggests that it is difficult to obtain fertilized embryos after superovulation or natural mating in NOD/SCID mice \[[@CR24]\]. Hence, since we were unable to obtain embryos by superovulation or natural mating, embryos for microinjection were generated by IVF from NOD/SCID mice. IVF is a widely used assisted reproductive technology, and is highly effective in producing healthy mice \[[@CR21]\]. After identifying the fertilized embryos derived from IVF, the sgRNA (1, 2: 40 ng/ul) and Cas9 protein (40 ng/ul) were microinjected into the cytoplasm of fertilized embryos at the one cell stage, using a continuous flow injection mode. After appropriate incubation, surviving two cell embryos were implanted into the oviducts of pseudopregnant females (Fig. [1](#Fig1){ref-type="fig"}b and Table [2](#Tab2){ref-type="table"}). Two pseudopregnant females gave birth to totally 13 mice pups. To analyze genotype of these pups, genomic DNA was extracted for PCR amplification, and the purified PCR products were then subjected to T7E1 digestion. Wild type allele is represented by a single band at 633 bp, while the heterozygous alleles (F0 mouse: 9, 11 and 13) are obtained as two bands at 633 and 453 bp (Fig. [1](#Fig1){ref-type="fig"}c). To define the mutations in the IL2Rg gene, the PCR products were subjected to DNA sequencing. Three mice had a 2 bp deletion at the sgRNA targeting site, while the other wild type had no modification (Fig. [1](#Fig1){ref-type="fig"}d). The PCR digestion and sequence results confirm that the F0 mice (9, 11 and 13) were heterozygous. Table 2IL2Rg knockout mice. 214 embryos were obtained from superovulated NOD/SCID female mice and 96 fertilized embryos were introduced with sgRNAs (1 and 2:40ng/ul) and Cas9 protein (40ng/ul). 45 embryos were survived and 38 embryos implanted into oviducts of two pseudopregnant female mice. 3 mutant mice were identified from 13 pupsGeneStrainNo. of embryoNewborns (Survived)MutantCas9 proteinsgRNA (1, 2)CollectionInjectionSurvivedTransferredIL2RgNOD.CB17/Prkdcscid/JKrb2149645207340 ng/ul40 ng/ul186

Successful germline transmission of 2-bp deletion allele in the IL2Rg gene {#Sec15}
--------------------------------------------------------------------------

To confirm whether the mutant genotypes are transmitted to next generation, we performed breeding by mating F0 male (\#9) and female (\#11, \#13) with NOD/SCID female and male mice, respectively. The F0 \#9 mouse bred F1 mice, but the other pair were unable to maintain their generation. To confirm transmission of the 2-bp deletion allele in the IL2Rg gene, we analyzed the genotype of F1 mice from F0 \#9 mouse using the T7E1 assay and PCR product sequencing (Additional file [1](#MOESM1){ref-type="media"}). We confirmed the F1, F2 and F3 heterozygous mutant mice (Additional file [1](#MOESM1){ref-type="media"}); these mice were further mated with each other, thereby obtaining F4 homozygous mutant mice, which were then analyzed for their genotype using PCR product sequencing (Additional file [2](#MOESM2){ref-type="media"}). The homozygous mutant (−/−) mouse was classified as NIG(NSIG). To confirm the inability of the IL2Rg, RNAs were prepared from NOD/SCID (wild type) and NIG(NSIG) (F4 homozygous mutant) mice, and the mRNA levels of IL2Rg by qRT-PCR were subsequently determined. Our data indicates that the mRNA of IL2Rg in several tissue from NIG(NSIG) mice is not detected with background level (Fig. [1](#Fig1){ref-type="fig"}e and Additional file [3](#MOESM3){ref-type="media"}), thereby demonstrating that the 2-bp deletion allele of IL2Rg gene from F0 (\#9) is germline transmitted and is null mutant allele as knockout mice.

Basic characteristics of NIG mice {#Sec16}
---------------------------------

To know basic phenotype of NIG mice, we measured the body and organ weights, and analyzed blood chemistry in serum collected from NOD/SCID and NIG(NSIG) mice (Fig. [2](#Fig2){ref-type="fig"}). We found that NIG(NSIG) mice had slightly decreased weight in thymus and spleen (Fig. [2](#Fig2){ref-type="fig"}b and Table [3](#Tab3){ref-type="table"}) as compared to NOD/SCID mice. The weight loss of the thymus and spleen may be due to deficiency of T, B and NK cells. Although thymus and spleen size varied between the transgenic lines, morphologies of the tissues were normal (data not shown). Evaluation of hematologic parameters showed that no significant changes were observed in serological analysis of NOD/SCID and NIG(NSIG) mice (Fig. [2](#Fig2){ref-type="fig"}c, Table [4](#Tab4){ref-type="table"}). These data indicate that NIG(NSIG) mice have no specific changes in body and organ weight, and in serological parameters excluding immune organ weights when compared to control mice. Fig. 2Analysis of basic characteristics in NIG(NSIG) mice. Mice were fed a normal diet for 13 weeks. **a** Body weight was measured weekly for 4 weeks until the end of the experiment (*n* = 4--8 in each group). **b** The weights for liver, thymus, lung, spleen, heart, kidney and testis were measured from the same mice as in A. **c** TG, T-CHO, AST, ALT and ALP levels were determined in serum from the same mice as in A. Data are presented as mean ± SD according to the Mann-Whitney U-test; \**p* \< 0.05Table 3Organ weightsSexNo. of miceLiver\
(g)Thymus\
(g)Lung\
(g)Spleen\
(g)Heart\
(g)Kideny\
(g)Testis\
(g)NOD/SCID(13 weeks)Male41.11(±0.15)0.02(±0.00)0.13(±0.02)0.06(±0.02)0.11(±0.00)0.34(±0.02)0.12(±0.01)NIG(13 weeks)Male41.39(±0.06)0.02(±0.00)0.15(±0.01)0.02(±0.04)0.13(±0.01)0.39(±0.02)0.14(±0.01)Table 4Serum biochemistrySexNo. of miceCreatinineTGASTALTT-CHOALPNOD/SCID(13 weeks)Male40.33568.3105.254.3121.0238.5NIG(13 weeks)Male40.31267.990.636.6125.3253.0

Human cancer cell-line derived xenografts were successful in NIG mice without T&B and NK cells {#Sec17}
----------------------------------------------------------------------------------------------

We analyzed the lineage marker expression of T, B and NK cells in the splenocytes of NIG(NSIG) mice by flow cytometry, and compared the expression profiles with C57BL/6 N and NOD/SCID mice (Fig. [3](#Fig3){ref-type="fig"}a). NOD/SCID mice were deficient in T and B cells, as compared to C57BL/6 N, whereas NK cells were decreased relative to C57BL/6 N mice. NIG(NSIG) mice were devoid of T, B and NK cells (Fig. [3](#Fig3){ref-type="fig"}b). In addition, NIG(NSIG) mice show very similar composition of T, B and NK cells compared to NSG mice (Additional file [4](#MOESM4){ref-type="media"}). Previous studies have shown that the development of immunodeficient mice with mutations targeted at IL2Rg chain gene allows engraftment of the primary human tumor types \[[@CR25]\]. Hence, to investigate whether NIG(NSIG) increases the xenograft effect on human cancer cell lines as compared to other mice, we performed an in vivo evaluation by subcutaneous injection of the human hepatocarcinoma cell line (HepG2), Human Burkitt's lymphoma cells (Raji) and adenocarcinomic human alveolar basal epithelial cells (A549) in NIG(NSIG), NOD/SCID and nude mice, and measured tumor volumes one to two times weekly from 7 day after subcutaneous injection. We found highly increased tumor formation in the NIG(NSIG) mice, but no increase in tumor volume and weight was observed in other mouse groups (Fig. [4](#Fig4){ref-type="fig"}a-f). These results indicate that NIG(NSIG) mouse is a good model for xenograft of human cancer cells that are unable to form tumors in nude and NOD/SCID mice. Fig. 3T, B, NK-Cell analysis in NIG(NSIG) mice. **a**, **b** Analysis of T, B and NK cell composition in spleen from C57BL/6 N, NOD/SCID and NIG(NSIG) male mice (*n* = 5 in each group). Data are presented as mean ± SD according to the Mann-Whitney U-test; \**p* \< 0.05Fig. 4Human cancer cell-line derived xenograft in NIG(NSIG) mice. **a, c, e** The measurements of individual tumor lesion size in NIG(NSIG), NOD/SCID and nude male mice (n = 5 in each group). **b** Tumor view of HepG2 xenograft lesions in NIG(NSIG), NOD/SCID and nude mice. **d, f** Tumor weight of Raji and A549 xenograft in NIG(NSIG), NOD/SCID and nude mice. Data are presented as mean ± SD according to the Mann-Whitney U-test; \**p* \< 0.05

Discussion {#Sec18}
==========

The mouse model has greatly contributed to advances in the field of immunology, especially after the foundation of inbred, transgenic, knock-out and knock-in mouse production systems \[[@CR26], [@CR27]\]. Though the results of immunology studies in mice cannot be simply extrapolated to humans, preclinical studies to predict the efficacy and safety of drugs have typically been performed using the rodent model \[[@CR28]\]. Barriers of natural and acquired immune systems restrict human transplantation. Particularly, NK cell activity is an important obstacle for human cell and tissue engraftment \[[@CR29]\]. NOD/SCID mice have lower levels of NK-cell activity \[[@CR30]\]. To overcome these limitations the NOD/SCID model has been improved \[[@CR15]\]. NSG and NOG mice were generated to eliminate NK cells \[[@CR31], [@CR32]\]. The IL2Rg acts to signal the IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 cytokines \[[@CR11]\], and IL2Rg null mice have serious deficiencies in T, B and NK cell development. Immunodeficient mice, which are defined as humanized mice, have great advantages in the study of immunology \[[@CR33], [@CR34]\]. Immunodeficient mice are widely used for transplanting human normal and tumor cells \[[@CR15]\], since they are capable of efficiently supporting engraftment of human hematopoietic stem cells \[[@CR35], [@CR36]\].

NOD/SCID mice present serious barriers towards introducing additional genetic modifications arising from the difficulty in deriving competent embryonic stem (ES) cell lines from NOD strain mice \[[@CR17]\]. In other words, it is difficult to manipulate the NOD strain mice by embryo microinjection due to paucity of fertilized eggs obtained through natural mating \[[@CR13], [@CR37]\]. Therefore, transgenic or knockout mice with NOD genetic background, including NSG and NOG mice, were derived by backcrossing the NOD strain mouse with genetically modified mouse. Recent studies have reported that genetically modified mice have been successfully produced in NOD-derived immunodeficient mice by combining genome editing and IVF technologies \[[@CR22]\]. In this study, the easy construction of sgRNA and high targeting efficiency of CRISPR/Cas9 system allowed for rapid generation of knockout mice by directly manipulating a small number of embryos via microinjection. Specifically, we used the IVF approach to obtain relatively more embryos for successful genetic modification by microinjection, and the CRISPR/Cas9 system that gave efficient genetic modification in NRG embryos, thereby enabling production of new mutant strain in the NRG mice within a few weeks. This method has several advantages, including a short time and cost saving in production of mutant mice, as compared with the ES cell derived gene targeting method.

To overcome previous limitations of the NOD background mice, we exploited both IVF and CRISPR/Cas9 genome editing technologies. We demonstrated that the IL2Rg knockout alleles were generated, and the germline could be transmitted in NOD/SCID mice. Also, we show that T and B cells were similarly deficient. In addition, NK cells were almost absent. Taken together, our results suggest that a small deletion of 2 bp in the IL2Rg gene of NOD/SCID mice by CRISPR/Cas9 system is sufficient to induce a severe immunodeficiency not available in nude and NOD/SCID mice, that could be used for cell engraftment of tumors.

Insertions and deletions (indels) emerge as the second most common type of human genetic variation, and a major cause of variation that accounts for the majority of species differences \[[@CR38], [@CR39]\]. Frame shift (FS) and non-frame shift (NFS) are two conversions caused by indels in the coding region. NFS indels comprise of three or more base pairs, indicating that one or more amino acid are inserted or deleted, with the remaining protein sequence remaining unchanged. On the other hand, FS indels shift the reading frame from the insert and delete position and can result in different protein sequences or early termination \[[@CR25]\]. Recent genome sequencing projects have shown that indels contribute to the pathogenesis of diseases and changes in the expression levels of gene and protein functions \[[@CR40]\]. Also, studies on the occurrence and locations of indels are important in understanding the origin of genetic variations \[[@CR41]\]. Furthermore, recent studies have revealed that deletion and insertion of small fragments in human and mouse genes result in differences in the binding affinity and gene expression, which in turn lead to evolution and contribute to phenotypic diversity \[[@CR25], [@CR42]\]. Small deletions (− 2 bp deletion) in the IL2Rg gene causes premature termination of RNA transcription through frame shift mutation, thereby affecting the phenotype of mice.

Conclusions {#Sec19}
===========

Taken together, we generated a severe immune deficient mouse NIG(NSIG) by small deletion of 2 bp in the IL2Rg gene in the background of NOD/SCID using genome editing in IVF-derived embryos. NIG(NSIG) may be a useful mouse model that can be exploited for xenograft of human cancer cells or tissues that are unable to form tumors in nude and NOD/SCID mice, as well as in the generation of humanized mice.

Supplementary information
=========================

 {#Sec20}

**Additional file 1.** Genotyping and sequencing of F1, F2 and F3 heterozygous mice. (A) Genotyping results of F1 generation mice. F1 mice were genotyped by the T7E1 assay with PCR amplificon, and resultant products were electrophoresed in 2.4% agarose gel. Wild type allele is represented by a single band at 633 bp, while the heterozygous alleles (red) are obtained as two bands at 453 bp and 633 bp. The sequence analysis of F1 heterozygous mice is shown in lower case. The target sites of sgRNAs are shown in bold letters. (B) PCR genotyping results of F2 and F3 generation mice. Wild type mouse genomic DNA serves as negative control. Mice were genotyped by PCR product sequencing with PCR amplificon. All mice are represented by a single band at 633 bp. (C) Sequence analysis of the heterozygous mutant alleles. The sequencing peak of the wild type mouse is shown in upper case and that of heterozygous mutant mouse in lower case. The mutant alleles of each mouse are labeled with the mouse ID number. The target sites of sgRNAs are shown in bold letters. The deleted sequences are marked in dash.**Additional file 2.** Genotyping of F4 generation mice. The mouse numbers, from F4 \#1--6, are shown above each lane. Wild type mouse genomic DNA serves as negative control. F4 mice were genotyped by PCR products sequencing with PCR amplificon. All mice are represented by a single band at 633 bp. (B) Sequence analysis of the mutated IL2Rg alleles. The sequencing peak of the wild type mouse is shown in upper case and that of F4 homozygous mutant mouse in lower case. The target sequence of sgRNAs are shown in bold letters. The mutant alleles of each mouse are labeled with the mouse ID number. The deleted sequences are marked in dash.**Additional file 3.**Expression analysis of IL2Rg mRNA in lymphoid organs of NSIG mice. IL2Rg mRNA expression level results of NOD/SCID and NIG(NSIG) mice. The mRNA levels of IL2Rg were determined by qRT-PCR analysis in the three regions (5′, middle and 3′) of IL2Rg gene and RNAs were extracted from thymus and spleen tissues of NOD/SCID and NIG(NSIG) mice.**Additional file 4.** T, B, NK cell analysis in NIG(NSIG) mice compared to NSG mice. (A) Analysis of T, B and NK cell composition in blood from C57BL/6, NIG(NSIG) and NSG male mice. (B) Analysis of T, B and NK cell composition in spleen from NIG(NSIG) and NSG male mice. (C) Graph quantifying results of (A) and (B).
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